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ABSTRACT

Elastohydrodynamic (EHD) film thickness measurements using optical interferom-

etry have been made of artificially produced dents and grooves under rolling and sliding

conditions. These measurements are compared to stylus traces of the dent and groove

profiles to determine the local deformation associated with micro-EHD pressure gener-

ation. The surface geometry associated with the dents and grooves is seen to become

intimately involved in the lubrication process itself, creating local pressure variations

that substantially deform the local surface geometry, particularly under sliding condi-

tions. The rolling results have implications concerning surface initiated fatigue anc'

the sliding results show clearly the EHD surface interactions that must occur prior to

scuffing failure.
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INTRODUCTION

Fatigue failures of mechanical elements which operate in concentrated contacts
are usually divided into subsurface- and surface-originated failures. With the advent
of vacuum-melted steels, nonmetallic inclusions which are usually responsible for
subsurface failures have been considerably reduced (1). This reduction has resulted
in fewer subsurface-originated fatigue failures and, as a consequence, recent re-
search efforts have concentrated mainly on surface~originated fatigue failures (1-4).
Surface-originated fatigue failures are generally caused hy localized defects such as
furrows and dents and by pits which have been caused by a distress of surface asperi-
ties. Since it is believed that surfaces are pitted at the very beginning of their fatigue
life, these pits can also be considered as defects similar to furrows and dents.

One of the basic problems that needs to be solved before surface-originated
fatigue failures can be more fully understood is the determination of stresses around
surface defects as these defects pass through lubricated, heavily loaded contacts.
Before the specific purpose of this paper is defined a brief background on the lubrica-
tion of rough surfaces will be given.

The first known analytical study on the hydrodynamic lubrication of surfaces having
random roughness was done by Tseng and Saibel (5). Their analysis was based on only
a one-dimensijonal transverse model of roughness. Christensen and his colleagues
(6-9) have analytically investigated the hydrodynamic lubrication of both transverse
and longitudinal one-dimensional models of rough surfaces. Other analytical studies

on the hydrodynamic lubrication of rough surfaces have been done by Tonder and
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Christensen (10), Tonder (11), Sun and Chen (12), and Rhow and Elrod (13). Even
though references 5 to 13 assumed hydrodynamic lubrication, the results obtained con-
tributed significantly to the understanding of the lubrication characteristics of rough
surfaces. Among the analytical studies on the effects of rough surfaces on EHD lubri-
cation are those of Chow and Cheng (14), Li, Kauzlarich and Jamison (3), Johnson,
Greenwood, and Poon {15), and Tallian (2). Idealized single-surface defects in EHD
sliding contact have been studied by Chiu (4) and EHD lubrication of idealized asperities
has been analytically investigated by Chow and Cheng (16) and Fowles (17, 18).

Some of the more important results of the analytical studies mentioned above are:

(1) The effects of surface roughness on the operating characteristics of lubricated
mechanical elements are negligible when the mean separation of the sliding or rolling
surfaces is large compared to the height of the roughness.

(2) For the same operating conditions, transverse one-dimensional roughness
results in thicker oil-films than longitudinal one~dimensional roughness.

(3) There are very high stress concentrations developed around the edges of de-
fec.s when these defects are in the EHD Hertzian contact.

(4) Surface asperities can be almost completely flattened within the Hertzian con-
junction under pure sliding conditions.

(5) Local EHD effects around an asperity are less significant when the surfaces
are subjected to pure rolling than when they are subjected to pure sliding.

(6) Very high pressures and temperatures can be developed between colliding
asperities.

These and other significant analytical findings have recently resulted i1. greater
efforts than in the past to experimentally study the lubrication of rough surfaces.
Among the more related experimenta! studies have been those of Jackson and Cameron
(19) and Wedeven (20). In reference 19 optical interferometry was used to study
artificially-produced grooves on a polished ball under sliding conditions. The grooves
which were held stationary were oriented in both the transverse and longitudinal direc-
tions relative to the sliding direction of a transparent surface so that the effects of
directional properties of roughness on EHD lubrication could be studied. In refer-

ence 20 a debris dent was studied as it passed through the conjunction region under



rolling conditions. As done in reference 19 thcse studies were done by means of opti-
cal interferometry. Unlike the artificially-prod. >ed defects studied in reference 19,
the dent studied in reference 20 was formed naturally during previous testing. In
general, the limited experimental findings reported in references 19 and 20 agreed
with the general trends of previous analytical investigations. However, experimental
measurements of defects of different size and orientation under both rolling and sliding
conditions have not been adequately investigated.

In the present study, optical interferometry is used to investigate the effects of
artificially~pi1-.duced dents and grooves, on highly-polished balls, on the EHD film
thickness in Hertzian contact. The artificially-produced defects geometrically approxi-
mate actual furrows and dents found in bearings and gears.

The purpose of this investigation is to present film thickness measurements asso-
ciated with artificially-produced grooves and dents in Hertzian contacts, to show how
these artificially-produced defects become intrinsically involved in the micro-EHD
lubrication process itself, and to indicate the implication of these defects on fatigue
failure.

EXPERIMENTAL APPARATUS

Film thickness measurements were made using optical interferometry. The opti-
cal elastohydrodynamic apparatus is shown in figure 1 and described in detail else-
where (21,22). The basic components of the apparatus consist of a ball which rides
against a transparent disk.

The EHD film thickness between these surfaces was measured by optical interfer-
ometry. Fringes of very good visibility were obtained by using a 17~percent-reflecting
layer of chromium on the bearing surface of the transparent disk. Interference mea-
surements were made with wavelengths of two colors (red and green). These were
obtained by using a special filter and a xenon flash lamp as a light source. The details
of this system and its calibration are described more fully in references 23 and 24.
All measurements were carried out at room temperature (23° C).

TEST MATERIALS

The test bearing specimens are shown in figure 2. The ball is 0.02063 meter

in diameter and made of AISI 52100 steel. Its nominal surface roughness is better



than 0.018 pm rms (0.7 pin.) and its hardness is approximately 65 Rc. Other me-
chanical properties are shown in table I. The transparent disk is 0.102 meter in
diameter and made of sapphire. Its mechanical properties are given in table 1.

The test ball was supported by three bearings located in a lubricant reservoir
shown in figure 2. The rotation of the support bearings continuously supplies lubricant
to the test ball.

The tests were performed with a synthetic paraffinic oil that was designated by the
manufacturer as XRM 109F3. The properties of the test fluid are given in table II.

FORMATION OF ARTIFICIAL DEFECTS

As stated in the introduction, surface-originated fatigue failures are generally
caused by localized defects such as furrows and dents. Since it was decided to inves-
tigate such defects as they passed through the EHD Hertzian contact by using optical
interferometry, film thickness measurements in the vicinity of the defects could only
be made if the surface around and inside the defects was highly polished. Film thick-
ness measurements on real surfaces, such as those found on gears and bearings, could
not be easily made by means of optical interferometry because it would have been diffi-
cult to obtain visible and continuous fringes. This difficulty stems from the fact that,
on such surfaces, the asperities are relatively steep-sloped and closely spaced, thus
causing the fringes to merge or disappear because of the limited resolution of the
microscope used to observe them. It was necessary, therefore, to artificially-produce
surface defects on highly-polished balls. The geometry of the artificially-produced
defects was approximately equal to the geometry of furrows and dents commonly found
on surfaces of bearings (25-28).

The defects were produced by using carbide tools. With such tools, many defects
could be produced on the surface of the softer balls without altering the initial tip
geometry of the tools. A total of four tools were used. Two with a conical geometry
to produce defects which simulated dents in real surfaces and two with a wedge geom-
etry to produce defects which simulated furrows in real surfaces. The reason for
making two tools for each defect geometry was to obtain different bluntness on the tip
of the tools so that size and depth of defects could be varied. Before the defects were
produced, the ground conical and wedge portions of the carbide tools were highly hand-
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polished by using a fine diamond compound. By polishing the tools it was found that
their tip would deform the surface of the balls without tearing or roughening ‘he sur-
face, thus insuring visible fringes for film-thickness measurements.

A simple fixture was designed to facilitate the formation of dents and grooves in
the polished ball. The sizes of the dents and grooves were controlled by the bluntness
of the tools and the load used to produce them. The load was applied directly to the
tools by means of weights, and the tools were guided to reduce positioning problems.
To insure a series of geometrically uniform grooves or dents, it was essential that
the weights be gradually brought into contact with the tools so that no impact loading
took place between the weights and the tools. The depths of the defcc¢ts were generally
less than 2 um and the widths less than 80 um.

RESULTS

Experimental results will be presented in the form of:

(1) Photomicrographs of interference fringes showing the film thickness distribu-

tion in the vicinity of the defects under static, rolling and sliding conditions

(2) Cross-sectional plots of the film thickness distribution inside and around the

defects as observed from the photomicrographs

(3) Stylus traces of the "undeformed'" geometry of the defects. The purpose of

these traces is to compare the "undeformed" geometry of the defects to the
geometry of the same defects obsrerved under static and dynamic conditions.
SINGLE DENT

Figure 3 shows an artificially-produced dent obtained with a 44.5 N (10 1bf) load
on a cone-~shaped carbide tool. The geometric features of the dent are obtained from
stylus traces. The styl'is is rotated about an axis concentric with the ball center so
that the ball curvature could be eliminated. Eleven passes across the dent at equally
spaced intervals have been recorded. Figure 4 shows a stylus trace through the deep-
est portion of the dent. This trace is selected for measurement purposes. The dent
is very shallow, being 100 times wider than it is deep. (An estimate of the maximum
Hertzian pressure between the tool and ball was made using a radius of curvature,
calculated from the stylus trace, of 0.125 cm. For this radius of curvature, the esti-
mated maximum Hertzian pressure is 5.4><109 N/m2 (780 000 psi)., It is interesting



that many accelerated fatigue tests are run at similar pressures.) Its width is approxi-
mately 100 um and its depth is 1 um. A slight buildup of material around the dent
shoulders can be seen from the stylus traces. This dent is very similar to the debris
dent studied in a previous publication (20).

The stylus trace provides a reference profile which gives the geometry of the dent
in its undeformed condition. It can be thought of as representing th. shape of the dent
that would be expected if the influence of EHD has created a pressure environment
around the dent which allows the dent to pass through the Hertzian region in an "'unde-
formed" state; that is, the pressure arcund the dent is everywhere equal to the Hertzian
pressure for smooth surfaces.

A second reference profile is the static profile which is obtained from the interfer-
ence fringes formed when the dent, in the Hertzian contact region, is loaded under static
contact conditions as shown in figure 5. The load used for all tests was 37.8 N (8.5 lbf)
giving a maximum Hertzian pressure of 1. 13><109 N/m2 (163 000 psi). The Hertzian
diameter is 254 um which is approximately 2 times the diameter of the dent.

From the fringe pattern shown in figure 5, the static profile of the dent can be gen-
erated. Such a profile is shown in figure 6 along with the undeformed profile from the
stylus trace. The load is seen to deform the dent so that the maximum surface separa-
tion is 25 percent smaller than the depth of the undeformed dent.

SINGLE DENT - ROLLING

Observations were made of the dent as it passed through the conjunction region.
This was accomplished by taking high-speed single flash photomicrographs. The xenon
flash lamp was synchronized with the ball rotation and could be delayed so that the dent
could be photographed in various positions within the conjunction region. When the dent
passes through the Hertzian region, the first portion of the dent to enter is called the
leading edge and the last portion to enter is called the trailing edge. Thus, when a
dent is observed in the Hertzian region the edge of the dent closest to the wnlet region
is the trailing edge and the edge of the dent closest to the exit region is the leading edge.

The observations made on the present artificially-produced dent under pure rolling
conditions substantiated the results obtained in reference 20 for a debris dent. Under
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dynamic conditions the amount of elastic deformation associated with the dent varies
with the central film thickness. As the central film thickness increases the dent ap-
proaches its undeformed shape.

A reduction in film thickness occurs at the leading edge of the dent. This reduction
is caused by the local EHD przssure modification the dent has created during its pas-
sage through the inlet region.

The measurement of the dent profile under increasing film thickness conditions
leads to the impliration that the pressure and stress conce.atration associated with the
shoulders of the dent is gradually relieved as the film thickness increases. In addition,
the leading edge of the dent is relieved to a greater extent than the trailing edge.

SINGLE DENT - SLIDING

Under puve rolling conditions it was found that the film thickness distribution re-
mained fixed as the dent passed through the Hertzian region. When sliding is intro-
duced, substantial micro-EHD pressures are generated as the dent passes through the
Hertzian region. This is shown in figure 7(a), (b), and (c) where the dent is moving
and the smooth sapphire surface is stationary. The converging and diverging regions
of the moving dent enhance and diminish respectively the local pressure at these sites.
Consequently as the dent passes through the Hertzian region the pressure and film
thickness are reduced within the dent and increased spectacularly a the trailing edge
of the dent. This increase in film thickness leaves a pressure 'tail" which progres-
sively lags the dent as it passes through the Hertzian region. This can be seen in the
photomicrographs of figure 7(a), (b), and (c) and the corresponding cross-sectional
plots of figure 8(a), (b), and (c). Note that film thickness in the 'tail" is approximately
double the nominal film thickness for smooth surfaces. Figures 7(c) and 8(c) show the
pressure tail momentarily in the Hertzian region while the dent has disappeared into
the exit region.

Figure 9(a) compares the dent profiles for rolling and sliding conditions and fig-
ure 9(b) compares the sliding profile with the static profile. Substantial elastic defor-
mation is seen at the trailing edge of the dent which implies high pressure and stress
concentration in this region. This is in line with the very high pressures predicied by
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Lee and Cheng (29) and Fowles (17) at asperity sites and the pressure rippling predicted
by Tallian (30).

In addition, the results obtained under sliding conditions, which show an increase
in pressure trailing the dent along with the apparent decrease in pressure within the
dent, are in general agreement with recent transient temperature measurements made
by Winer and Sanborn (31). They found that when asperity "contact' started to occur
the peak temperature fluctuation increased as expected; but, in addition, the minimum
values of temperature decreased. These temperature variations appear to occur as
the result of micro-EHD activity which create local modifications in pressure and,
hence, viscosity and temperature within the Hertzian contact.

An interesting feature concerning the leading edge of the dent is seen in figure 9(a).
While the profile under rolling conditions shows the characteristic reduction in film
thickness at the leading edge of the dent, the profile under sliding condition shows less
local reduction at this location. The micro-EHD pressure generated by the sliding ac-
tion associated with the built-up edge of the dent creates an increase in film thickness
at this location.

It can generally be stated that the sphere of influence of a dent is much greater
under sliding conditions than under rolling conditions. For pure rolling, the local
pressures associated with the dent are confined to the inlet region and communicated
to the same surface elements on the smooth surface as it passes through the Hertzian
region. However, under sliding conditions the local pressures generated by the dent
are communicated over a larger portion of the smooth surface as the dent sweeps
through the Hertzian region.

SINGLE GROOVE - PERPENDICULAR, ROLLING

The ability to produce grooves in a polished ball was important in that it was then
possible to obtain data for defects whose geometry changed in one direction only.
These data can be compared to the results obtained in analytical studies of purely
transverse and pureiy longitudinal stochastic models of roughness in EHD contact as
well as results obtained from analytical studies concerned with single two-dimensional
asperities in EHD contact. A groove impressed into the surface of a ball with the
wedge-shaped tungsten carbide tool leaves a depression which is deepest at its center



and the depth gradually decreases on both sides of the center along its leagth as shown
in figure 10. However under static Hertzian contact conditions, figure 11 shows that
the groove width and depth are essentially constant in the Hertzian region. The groove
appears uniform because the elastic deformation gradually decreases from the center
of the groove ‘center of Hertzian circle). The stylus trace of this groove is shown in
figure 12 and a comparison between the stylus and static configurations is shown in
figure 13. This groove is very shallow measuring only 0.5 um deep which is one-half
the depth of the dent discussed above.

A photomicrograph of this groove under rolling conditions is shown in figure 14.
Its cross-sectionai profile and static profile are given in figure 15. The general EHD
features associated with the groove under rolling conditions are similar to those ob-
served with a dent under rolling conditions A reduction in film thickness is again ob-
served at the leading edge of the defect.

1f the static profile is compared with the dynamic profile, as shown in figure 15,
it is seen that under the given dynamic conditivns the elastic deformation has been sub-
stantially relieved from its static condition. This was not observed for the dent dis-
cussed above. The difference between the elastic deformations of the groove and dent
under dynamic conditions is due to the relative size of these defects with respect to the
film thickness; or more precisely, with respect to the size of the inlet region as dis-
cussed in reference 20. If the defect is small and does not significantly modify the
shape of the inlet region the local hydrodynamic pressurc generated in the vicinity of
the defect will not be very different from that for smooth surfaces. The defect will
then pass through the Hertzian region with less elastic deformation and its shape will
approach its undeformed shape as represented by the stylus trace.

SINGLE GROOVE - PERPENDICULAR, SLIDING

Figure 16(a) and (b) shows a single groove in two locations within the Hertzian re-
gion under sliding conditions. The corresponding cross-sectional profiles are shown
in figure 17(a) and (b). The same general features are observed for the groove under
sliding conditions as was seen for the dent under sliding conditions. Sume of these

features are not as pronounced for the groove as they were for the dent since the
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groove is smaller than the dent in both depth and width. It is noted from figure 16(a)
and (b) that, as with the dent, the groove under sliding conditions shows a pressure
"tail'" which progressively lags behind the groove as the groove passes through the
Hertzian region. A reduction of film thickness is observed within the groove and an
increase in film thickness, associated with the converging portion of the built-up edge
of the groove, is again seen at the leading edge of the groove under sliding conditions.

To determine the effect of groove geometry on the local EHD pressure modifica-
tions, a groove produced with a very sharp tool, as shown in figure 13, was investi-
gated. The stylus trace across the center of the groove is shown in figure 19. The
width of this groove (40 um) is the same as the width o1 the grvove in figure 12 but its
depth (1 um) is twice the depth of the groove shown in figure 12. The maximum slope
of the groove in figure 19 is 5.4° whereas the maximum slope of the groove in fig-
ure 12 is 2.1°. The deeper groove in figure 19 also has a more substantial built-up
edge than the groove in figure 12.

The deep groove under rolling conditions is shown in figure 20 and its cross-
sectional profile ic shown in figure 21 along with the stylus trace. The interference
fringes along the steeply sloped sides of the groove are too close together to be ade-
quately resolved for measurement purposes. Only measurements along the edges of
the groove could be obtained.

Under rolling conditions an adequate film thickness is seen to occur at the edges
of the groove even through the height of the built-up edge (0.15 um) is the same order
of magnitude as the nominal film thickness (0.14 um). There :s very little distinction
between the leading edge of the groove and the trailing edge as seen previously for the
shallow groove and thr dent. Here a local reduction in film thickness occurs on both
sides of the groove; but the reduction is only minor compared to the size of the built-up
edge. It is evident that a substantial micro-EHD activity can be associated with the
built-up edge along the groove. These results are in line with the asperity lubrication
discussed by Chow and Cheng (16).

When this deep groove passes through the ilertzian region under sliding conditions
additional micro-EHD activity can occur as shown in figure 22. The cross-sectional
profile across the center of the groove is p'otted in figure 23.
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A very substantial film thickness is generated at the leading edge of the groove at

the location of the built-up edge. The local converging geometry created by the built-up

edge apparently can produce sufficient local EHD pressure that can result in a film
thickness at the built-up edge which is larger than the nominal film ihickness

The trailing edge cf the deep groove is distinctly different f om its leading edge.
In addition, the pressure generated at the trailing edge of the deep groove is different
than the pressure generated on the trailing edge . ' the shallow groov= (fig. 16) and dent
(fig. 7) discussed above. The film thickness is very small at the trailing edge of the
deep groove and remains small for a significant distance downstream of the groove.
However, the trailing edges of the dent and shallow groove, under sliding conditions,
showed an increase in film thickness.

The failure of the trailing side of the deep groove to regain the film thickness ob-
served on its leading side is probably the result of the geometry of groove. The
rapidly converging side of the trailing edge of the groove along with the built-up edge
and sharp radius of curvature at the shoulder are not particularly favorable for the
local generation of pressure. Consequently, under sliding conditions it 18 possible to
lose the pressure within the groove and not regain it back on the trailing side if the
geometric features on the trailing side are not favorable for pressure generation.

Perhaps the most distinctive feature of figure 22 is a localized region which does
not show either the reduction in film thickness at the trailing edge of the groove or the
slight increase in film thickness at the leading edge of the groove. The film thickness
profile in this region is plotted in figure 24 and a stylus trace across this portion of
the groove is shown in figure 25. When compared with figure 19 it can be seen that
this portion of the groove does not show a significant built-up edge; and, the shoulders
of the groove are much more rounded. (While it is not known huw this portion of the
groove gct this way, the effect of "run-in'" may show a similar modification.) The
depth at these two portions of the groove is approximately the same. These results
emphasize the importance of the slope or curvature nf the surface topography that
comes within close proximity of the opposing bearing surfaces. The topography is
intimately involved with the lubrication process itse'S.
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SINGLE GROOVE - PARALLEL

Many bearing surfaces have grinding furrows which are parallel to the direction of
motion (2). The groove shown in figure 26 was made on the ball surface in an orienta-
tion parallel to the direction of f'ow. The stylus trace across the groove is shown in
figure 27. The groove is approximately 35 um wide and 0.55 pum deep. A substantial
built-up edge (0.25 um) is present on one side. On the other side the brilt-up edge is
relatively small.

The parallel groove under rolling conditions is shown in figure 28, the cross-
sectional profile along with the stylus trace are plotted in figure 29. The superposition
of the stylus trace on the dynamic profile shows a reduction in film thickness on the
side of the groove that does not have a built-up edge. This reduction in film thickness
is similar to that found at the ends of rollers for line contact geometries (23,32). The
reduction in film thickness is very localized and is due to the side-leakage that occurs
as the groove passes through the inlet region.

The other side of the groove shows surface separation over most of the region of
the built-up edge. A small portion of this region is at a fringe order below the first
fringe (black). The first fringe occurs at a film thickness of 0.05 um (2 pin.).

Figure 26 shows no significant surface damage to the edge of the groove even after con-
siderable operation under both rolling and sliding conditions.

The groove under sliding conditions is shown in figure 30 and its cross-sectional
orofile is plotted in figure 31. The film thickness distribution for rolling (fig. 29) and
sliding (fig. 31) are almost identical. This is contrary to what was observed when the
groove was oriented perpendicular to the direction of flow where substantial differences
were observed between rolling and sliding conditions. For the case when the groove is
oriented in the direction of flow, there is comparatively little change in the geometry
of the groove in this direction as it passes through the Hertzian region so that the
presence of sliding will not significantly alter the micro-EHD activity. Thus, for
topographical features oriented in the direction of flow the micro-EHD action is con-
fined to the inlet region for sliding as well as for rolling conditions.

ORIGINAL PAGE I3
OF POOR QUALITY)

[ m@w&.m‘qmwuv N



13

DISCUSSION

It has been shown that it is possible to artificially produce surface defects, charac-
terized as dents and grooves, on bearing surfaces. The dents are remarkably similar
to the debris dents found on bearing surfaces which are known to be vulnerable sites for
surface initiated fatigue. It has been shown (25) that very substantial stress concentra-
tions occur at the shoulders of these defects.

The local film thickness measurements presented here for the artificially produced
dent under pure rolling conditions substantiate the general observations of reference 20.
These observations imply that the mechanism of EHD lubrication (on bhoth a micro and
macro scale) can substantially influence the stress concentrations in the vicinity of the
dent. When the characteristic film thickness becomes large relative to the characteris-
tic dent dimensions, the stress concentrations are relieved. It was found that the local
EHD pressure variations around the dent as it passed through the Hertzian region was
the result of a modification of the inlet pressure distribution caused by the dent geome-
try as it passes through the inlet region. The shape of the inlet region is important for
pressure generation and the dent simply modifies that inlet shape. The local variations
of the geometry of the inlet region explains why the film thickness at the leading edge of
the dent was found to be much lower than the trailing edge. This leads to the interesting
conclusion that the stress concentration will be greater at the trailing edge than the
leading edge, which agrees with the observations of surface initiated fatigue found in
practice.

The results presented here for the dent under sliding conditions introduces addi-
tional micro-EHD features. Under sliding conditions, the film thickness variation, and
thus pressure variation, in the vicinity of the dent is more pronounced than under pure
rolling conditions. In addition, under pure sliding conditions, high pressures and thus
high stress concentrations lagging the dent were observed. These high pressures re-
sult from micro-EHD effects caused by the favorable pressure-generating geometry at
the trailing edge of the dent as it passes through the Hertzian region.

The pure rolling results obtained for grooves perpendicular and parallel to the
direction of flow indicate that both types of grooves reduced the nominal film thickness
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when compared to a smooth surface. However, perpendicular grooves reduced this
nominal film thickness to a lesser degree than parallel grooves. Under pure sliding
conditions, micro-EHD effects were much more dominant around grooves which were
oriented perpendicular to the direction of flow than around grooves which were oriented
paraile] to the direction of flow.

As indicated above, the artificially-produced defects and their associated built-up
edges have a substantial effect on the film thickness variations in the vicinity of the
defect especially under pure sliding conditione. In practice, similar defects and built-
up edges can be expected from debris dents and manufacturing scratches and, thus,
similar pressure variations are likely to occur if these defects exist in mechanical
elements which are subjected to EHD lubrication conditions. The observed film thick-
ness variation suggests that metal-to-metal contact can take place where there is a
reduction of film thickness and very high stress concentrations can be generated where
there is an increase in film thickness.

These micro-EHD events are very real and measurable. They further indicate
that whenever lubricated surfaces approach each other, particularly under sliding EHD
conditions, we can expect the following: first, the topography of the surfaces become
intimacely involved in the lubrication process itself; and second, the surfac .opography,
as it passes through the Hertzian region, can be significantly modified as the result
of micro-EHD events. There appears to be a much greater world of activity on a
micro~EHD scale than the simple film thickness to surface roughness ratio (h/c) would
seem to indicate. This realm of activity must be penetrated before the traditional
boundary lubrication regime is ever reached.

CONCLUSIONS
In addition to the conclusions enumerated under SINGLE DENT-ROLLING, the

o’

following ohservations can be made about dents and grooves under dynamic conditions:

1. Micro-EHD effects cause a substantial increase in film thickness and thus
stress concentrations behind both grooves which are oriented perpendicular to the direc-
tion of flow and dents as these defects pass through the Hertzian contact area under pure

sliding conditions.
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2. Under pure rolling conditions, the nominal film thickness observed for grooves
oriented in a direction parallel to the flow and perpendicular to the flow is smaller than
film thickness observed for smooth surfaces operating under the same conditions.
Grooves oriented perpendicular to the direction of flow, however, seem to reduce this
nominal film thickness to a lesser degree than grooves oriented parallcl to the direction
of flow.

3. It can generally be stated that dents and grooves affect the film thickness dis-
tribution in the contact area more when the surfaces are under pure sliding than when
they are under pure rolling.

4. The slope of the defects and the built-up edge around the defects can have sig-
nificant effects on the micro-EHD action in the vicinity of the defects.

5. Oil-film thickness variations are generally localized in the vicinity of the
defects.

6. The presence of sliding for a groove oriented parallel to the direction of flow
will not significantly alter the film thickness observed under pure rolling conditions;
thus, micro-EHD effects are confined to the inlet region for both sliding and rolling
conditions.

7. These results experimentally support the concept that as lubricated surfaces
approach each other, particularly under sliding conditions, the surface topography
become intimately involved in the lubrication process itsclf; and by so doing, greatly
modifies the surface topography as it passes through the Hertzian region.
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TABLE I. - BEARING MATERIAL PROPERTIES

Ball Disk

Material

Compressive strength

Elastic modulus
Poisson's ratio
Hardness

Roughness

52100 Steel Sapphire
1.4x10° N/m? | 2x10° N/m?
204x10° N/m? | 365x10° N/m?

0.3 0.25
65 R, 9 Moh
0.08 um rms | Optical polish

TABLE II. - PROPERTIES OF TEST FLUID

Synthetic paraffinic oil (XRM 109F3)

Viscosity

Density

Pressure
viscosity
coefficient

Refractive index

45830 cS at 17.8° C

493 ¢S at 37.8° C

42.6 cS at 98.9° C

0.8389 g/cm® at 37.8° C
0.8082 g/cm® at 93.3° C
0.777 g/cm® at 149° C
1.77x10°8 m%/N at 37.8° C
1.51x10"8 m%/N at 99° C
1.09x1078 m2/N at 140° C
1.4689 at 23° C
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Figure 1. - Optical EHD rig.
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Figure 3. - Dent made with conical tool and 44,5 N load.
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Figure 4. - Stylus ‘race of dent shown in figure 3,
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Figure 5. - Photomicrograph of dent in static contact; P, «1.13 X 10

NIM2,
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Figure 6. - Comparison of undeformed dent profile (stylus trace)
with measured profile under static contact.



Figure 7(a), - Photomicrograph of dent under sliding conditiors; dent in
center. U = 0.0134 WS, Py = 1.13 X 10° NimZ,

Figure tb), - Photomicrograph of dent under sliding conditions; dent near
rear of Hertzian region, U = 0,0134 WIS, Ppay = 1.13 X 109NM2,
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Figure Tic), - Photomicrograph of dent under sliding conditions; dent in
exit region, U = 0.0134 W/S, P, = 1.13 X 107Nm2,
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(c) MEASURED PROFILE OF FIG. 7ic),
Figure 8.
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Figure 10. - Shaliow groove made with wedge-shaped tool,
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Figure 11. - Shallow groove in static contact. P, =1.13 X 109 NIM2,
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Figure 12. - Stylus trace of shallow groove in figure 10.
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Figure 13, - Comparison of stylus trace of shallow groov . with groove
profile under static conditions.
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Figure 14, - Shallow groove under rolling conditions, U = 0.0134 M/S,
Prax * 1-13 X 109NM2, :
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Figure 15. - Comparison of static profile with dynamic profite
under rolling conditions.
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Figure 1&a). - Photomicrograph of groove in sliding; groove in center of
Hertzian region. U » 0.0138 MIS, Prgy =1.13 X 107NN,
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Figure 16(b). - Photomicrograph of groove in sliding; groove near rear of
Hertzian region, U = 0.0134 MIS, Ppoy = 1.13 X 107 NM2,
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Figure 18, - Deep groove made with sharp wedge-shaped tool. :
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Figure 19. - Stylus trace of deep groove.
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Figure 20, - Photomicregraph of deep groove; rolling, U = 0,0134 M/S,
Prax * 113 X 107NIM2,
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Figure 21, - Comparison of stylus trace of deep groove with dy- y
namic protile under rolling conditions.
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Figure 22, - Photomicrograph of deep groove under sliding conditinns,
U »0.0134 WIS, P, o113 X 107 N2,
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Figure 23. - Cross-sectional profile ot deep groove in figure 22,
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Figure 24. - Cross-sectional profile across portion of groove in
figure 22 which does not show reduced film thickness at

trailing edge.
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Figure 25. - Stylus trace across portion of groove showing rounded shoulders.
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Figure 26. - Groove made with wedge-shaped tool oriented
parallel to the direction of flow.
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Figure 27. - Stylus trace of groove in figure 26, Trace taken perpendicular to
flow direction.
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Figure 28, ~ Photomicrograph of groove oriented parallel to flow direction,
U« 0.0138 WIS, Ppgy = 1.13 X 10°NM2,
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Figure 29. - Comparison of stylus trace of groove oriented parallel
to the flow direction with dynamic profile under roliing condi-

tions.
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Figure 30, - Photomicrograph of groove under siiding conditions, U =
0.0134 MIS, Py = 113 X 109NIM2,
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Figure 31. - Cross-sectional plot (perpendicular to flow direction) of
groove in figure 30,
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